Abstract. PZT (lead zirconium titanate) is an intermetallic compound exhibiting piezoelectric, ferroelectric, and pyroelectric properties. The perovskite crystallographic structure of the PZT is responsible for the above effects. MEMS structures with piezo layers can be used as sensors, actuators, or converters. The abilities of piezo materials to generate an electric charge as a response to stress and a change of shape as a response to electric field are very attractive in numerous applications. Cantilever structures with a mass attached can accordingly be used as energy harvesters converting energy of environment vibrations. Other applications of cantilevers are small displacement sensors or actuators in micro/nano scale. Membrane structures can work as ultrasonic transducers. If properly shaped cavity is produced, the structure may be used as a part of ink printer head or as a pressure sensor.
Introduction
PZT (lead zirconium titanate) is an intermetallic compound described by the formula Pb[Zr x Ti 1-x ]O 3 where (0 < x < 1). Sometimes doping with different elements is used as well. PZT is a material showing strong piezoelectric effect. It also exhibits pyroelectric and ferroelectric properties. The perovskite crystallographic structure of the PZT, shown in Fig. 1 ., is responsible for electric phenomena, related to electric dipole moments of crystal cell. Neighbouring dipoles can be aligned forming domains. In the background of piezoelectric effect is the change of dipole moments (displacement of charge in unit cell) reorientation when applying a mechanical stress. Physical phenomena characteristic to PZT [1] are as follows:
• Piezoelectric effect -the generation of electric charge as a response to mechanical stress.
• Converse piezoelectric effect -the formation of stress and deformation of crystal as a response to electric field.
• Ferroelectricity -a feature of materials showing spontaneous electric polarization which can be changed by an external electric field.
• Pyroelectricity -the ability of materials to produce a state of electrical polarity as a response to a change of temperature.
PZT is a very popular piezo material in macro scale, in micro scale however, in particular in thin layer, due to several technological difficulties, the industry have so far refrained from wider use of this material.
PZT -manufacturing and applications
Technological difficulties associated with the production of high-quality PZT layer limit the availability of such structures. Numerous studies in many centres aim at expanding the use of piezoelectric MEMS structures. Main problems during production of MEMS with PZT layer are as follows:
• Diffusion of lead (from PZT) to substrate which changes features of piezo layer and substrate, • Difficulty in achieving proper crystallographic structure and orientation of PZT, • Low permissible processing temperature after PZT deposition, • Adhesion of PZT to bottom metal electrode, • Adhesion of top metal electrode to PZT, • PZT layer continuity and uniformity,
The most common manufacturing methods of PZT layer for MEMS are: 1. Chemical solution deposition CSD -sol precursors of PZT are spun out on substrate wafer and this thin layer is dried. Spinning and drying are repeated three or more times. Subsequently the stack of layers is sintered. This sequence is repeated several times until the desired thickness is obtained. 2. Magnetron sputtering MS -targets of lead, zirconium and titanium are sputtered in magnetron chamber containing substrate wafers. 3. Pulsed laser deposition PLD -high power laser light is used for sputtering ingredients of PZT.
Ingredients are deposited on wafers.
The strong piezo effect makes PZT a very attractive material in numerous MEMS applications. In most cases PZT is a part of flat piezo capacitor, placed between metal electrodes on thick or thin substrate as shown in Fig. 2 . MEMS structures with piezo layers can be used as sensors, actuators, or converters.
Bottom metal layer and bottom adhesive both form a barrier layer for lead diffusion. Typically capacitors have rectangular or circular shape. In most cases the substrate under capacitor is etched, forming a thin cantilever or a thin membrane. A thin stack allows for larger movements within the structure.
Alternative to flat capacitor design the interdigitated top electrodes are used. Both electrodes are placed on the top of PZT and form two combs which is presented in Fig. 3 . In place of the bottom electrode and adhesion layer, the non-conductive diffusion barrier providing good adhesion should be applied. Structures with interdigitated electrodes have good electromechanical properties. However it is rarely used with PZT, because of poor parameters of non-conductive diffusion barrier. This leads to the escape of lead from the PZT layer, and its delamination from the substrate. a b 
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Cantilevers, clamped at both ends (Fig. 4b) , form a bridge having small displacement d and resonance frequency in the range of several hundreds of kHz to several MHz Cantilever structures with an additional inertial mass (proof mass) can be used as an energy harvester (Fig. 4c ), converting energy of environment vibrations [2] . Displacement d can be in order of several microns and frequency below 1 kHz.
An edge-clamped membrane with PZT capacitor over specifically shaped two part cavity (Fig.  4d) build the structure used as a part of ink printer head or as a pressure sensor. One part cavity can form device working as ultrasonic transducers -loudspeaker or microphone.
Basic electrical parameters and measurement methods
The Ferroelectric properties of PZT layer are usually described by electric polarization density D versus electric field E [5] . This relationship forms, typical for ferroelectrics D -E, hysteresis loop which can be investigated by measuring the current as a function of voltage. Numerically integrating the current, one gets charge, and further simple calculations make it possible to access data regarding the D-E loop. The values of D and E can be easily converted from charge and voltage knowing the capacitor surface area and thickness of the piezoelectric layer. Hysteresis D -E loop can also be measured applying charge amplifier and programmable voltage source. This approach is convenient when testing the electromechanical parameters of discrete structures. Results of D -E loops obtained for capacitors contained in the same die but having different area are shown in Fig.  6 . A characteristic feature of these loops is their dependence on the surface area of the capacitor.
Values of basic electric parameters of PZT obtained in own study are presented in Table 1 . a b 
Piezoelectric constitutive equations
Piezoelectric materials are described by coupled constitutive equations existing in several matrix forms, taking into account the anisotropy of material. The most important equations from MEMS point of view are:
Stress-Charge equations form used for mechanical stimulation and electrical response
Strain-Charge equations form used for electrical stimulation and mechanical response [3 * 6] , ε -electric permittivity [3 * 3] . The meaning of the other symbols used in the equations is as follows:
• subscript E on the compliance matrix s E and stiffness matrix c E means that the compliance and stiffness data were measured under, at least, a constant, or, preferably, a zero electric field, • subscript T on the permittivity matrix e T means that the permittivity data were measured under, at least, a constant, or, preferably, a zero stress field, • subscript S on the permittivity matrix ε S means that the permittivity data were measured under, at least, a constant, or, preferably, a zero strain field, • superscript t in symbols e t and d t means the transposition of appropriate matrix, • during measurements of electric charge density displacement, electric field on the sample is zero.
The basic constitutive equations assume small signal, linearity and independence of coefficient from electric field, strain and stress which is not true. Also hysteresis of piezoelectric effects is not considered in the equations.
The number of different coefficients is reduced due to the crystallographic properties of PZT. Some of them are zero. The most important non zero matrix entries are: parallel with subscript indices 33 and perpendicular with indices 31. The subscripts containing 4, 5 and 6 are indicating shear planes [6] . Shear modes of operation in MEMS containing PZT currently are not used. Explanation of main coupling coefficients is presented in Table 2 . In considerations relating to the piezoelectric materials mechanical properties are very important, with particular emphasis on compliance. The values of this parameter for the PZT in different crystallographic orientations are given in Table 3 , where all values are in µm 2 /N. Source -http://www.efunda.com/materials/piezo/material_data/matdata_output.cfm
The values of piezoelectric coupling coefficients d found in the bulk PZT are shown in Table 4 , were all values are in pC/N. Source -http://www.efunda.com/materials/piezo/material_data/matdata_output.cfm
Measurements of electromechanical parameters
For physical description of piezo phenomena, constitutive equations in several forms are used. They work well for bulk piezoelectric, however for thin layers deposited on silicon or similar substrate, piezoelectric coupling coefficients d 31 and e 31 have to be redefined as the film of PZT is clamped to the substrate. Hence when using thin film structures it is more convenient to operate with "effective" electromechanical coefficients [5] . Values of these coefficients depend on both parallel and perpendicular components, as well as on several compliance and stiffness coefficients. The behaviour of flat piezo capacitor stimulated by electric field is presented in Fig. 7 . Layers of PZT, bottom metal and substrate are joined together. The electric field E is the cause of stress changes in T ║ parallel and T ┴ perpendicular directions. Changes in the size d across PZT layer are not uniform, because in its lower part they are reduced by the substrate. The result is a curvature of the sample surface. If the field is cyclically variable, the surface vibrates synchronously. Effective values of piezoelectric coupling coefficients of thin layer PZT are bigger than for bulk PZT.
Complex electromechanical methods are used for investigating piezoelectric coupling coefficients d (Strain-Charge equations) and e (Stress-Charge equations). In the study of MEMS, these methods include:
• mechanic actuation and measurements of electric charge Q as a response, • AC electric voltage (V) stimulation and measurement of mechanical response d (displacement) or v (velocity). For measurement of mechanical response a very precise tool for velocity or displacement evaluation is necessary. It could be for example laser Doppler vibrometer [7] , enabling measurements of displacement with picometer resolution and bandwidth of several MHz The electrical response Q is measured using charge amplifier.
For mechanical stimulation, the stress in piezo layer should be induced. One can use adequate long cantilever (length > 10 mm) [8] or membrane (diameter <4 mm) as a measured sample. The cantilever can be stimulated by an actuator applying small, calibrated force. For the membrane variable air pressure can be used as a stimulation. The pressure and its frequency can be cheaply and easily controlled and measured, which appears to give an advantage to this method of stimulation. In both cases of stimulation, a conversion of the applied external impact to stress in the piezoelectric layer is necessary.
Measurements of coefficients d 33 and d 31
For measurements of d parameters using the membrane, it is placed in a pressurized chamber and variable air pressure, as shown in Fig. 8 ., is used as mechanical stimulation. The stimulation can be applied on one or both sides of the membrane, giving the possibility to measure d 31 and d 33 coefficient using the same chamber. The variable air pressure generated by the modified speaker and distributed by an appropriate set of thin tubes ensures uniform stimulation of the sample.
The sample is mounted in a special socket enabling interaction with the pressure of air. Generated electric charge Q is measured by a charge amplifier, ensuring zero electric field. Known structure of layers of the membrane and their parameters (Young's modulus and Poisson's ratio) can be used to calculate the stress T td or T r (top -down or radial). The stress in the top -bottom direction is equal to twice the pressure applied to both sides of the thin membrane.
From the constitutive equation (2), assuming zero electric field, the following equation can be obtained:
Equation (3) can be decomposed to equation for parallel and perpendicular coefficients.
The calculations of radial stress as a function of pressure on one side of the membrane can be performed analytically for simplified models or by numerical modelling in case of more complex models.
Simplified analytical calculations can be performed using known Stoney formula. Realistic numerical model is much more complex and should take into consideration five layers of the structure and anisotropy of some of them. The best match of d 31 parameter evaluation can give the method of inverse analysis. It assumes the development of parametric numerical model of the membrane. The appropriate optimization procedure will adapt material parameters of the model to the measured charge Q, allowing assignment of parameter d 31 . This complex method in different variants is the field of activity in numerous research centres. It seems that the main challenge is automation of measurement and integration with inverse analysis.
Measurements of coefficient e 33
From constitutive equation (1) assuming T = 0 and top -bottom direction the following can be obtained:
where c E is Young modulus of PZT at 0 electric field, d is displacement and V is voltage polarizing structure. 
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The value of e 33 parameter in flat structure of piezo capacitor with one layer of relatively thick PZT can be determined using high sensitive device for measurement of displacement d. The expected value of d is several nm with sinusoidal voltage stimulation about 10 V.
Adequate sensitivity and accuracy used for d measurement can be achieved using Laser Doppler Vibrometer. For example AC stimulation of structure with signal frequency 100 Hz gives the expected velocity of vibrations over 1 µm/s. Because of noise floor, frequency should be set possibly high (velocity is proportional to stimulation frequency) but significantly below basic resonance of the structure.
Measurements of coefficient e31
By differentiating the radial stress Tr versus electric field E in constitutive equation (1) Measured sample of the thin circular membrane is stimulated by AC voltage with frequency well below the resonance. The membrane is moving up and down and displacement of its central point is measured by Laser Doppler Vibrometer as is presented in Fig 9. This displacement is subsequently translated into the in-plane stress.
The calculations of radial stress as a function of the displacement can be performed analytically for simple models or by numerical modelling in case of more complex models. Just as in the method of determining the coefficient d31, stress calculations should take into consideration five layers of the structure. At least one of them is anisotropic. The best match of e 31 parameter evaluation can give the method of inverse analysis. Similar to the method for determining the coefficient d 31 calculations method assumes the development of parametric numerical model of the membrane and optimization procedure which adapt material parameters of the model to the measured displacement d. This complex method seems to be the main problem in the development of e 31 characterization method.
Resonance of structures
In many cases resonance features of structures are interesting and are the subject of study [9] . This measurement task can perform Scanning Laser Doppler Vibrometer, which measures the velocity of vibrating object and calculates spectra using FFT algorithm. Locations of analysed points on the surface of tested structure are defined by the user. It is possible to recalculate velocity to displacement or acceleration.
Vibrometer can be used for measurement of structure resonance frequencies as well as for modal analysis. Example of vibration spectra for two points located on relatively long (2 mm) cantilever is shown in Fig.10 . Continuous line is related to longitudinal mode and dashed line shows vibrations in torsional mode. Such measurement can be executed by stimulation of piezocapacitor located on cantilever or by using simple piezo stack as an effective shaker. Using this type of test, separation of longitudinal and torsional vibrations is very effective and fast. Additionally more complex modes of vibrating surface can be analysed and presented in a very smart way. Sometimes main resonance parameters of cantilevers are interesting, but application of any shaker is impossible, for example at wafer level, before separation of MEMS. In such a case, the excitation by Brownian movement of air particles (noise) could be used [10] . Velocity of such vibration is usually below 1 µm/s, and displacement below 1 nm. The obtained spectrum of velocity near the resonance is usually very noisy, yet resonance lines can be observed. Averaging of numerous spectra could be applied for decreasing variation of result. Vibration spectrum obtained by separation from noise is presented in Fig. 11 . Resonance frequency value is disturbed because of noise and low resolution. In case of more accurate information of resonance parameters being necessary, further analysis can be carried out. The resonance curve is estimated using Levenberg-Marquardt algorithm. Resonance frequency F res and quality factor Q are estimated as well as measured values (small squares) and achieved resonance curve (continuous line) are plotted for comparison.
Conclusions
• Standard electrical parameters extracted from I-V and C-V measurements at wafer level provide basic information on the properties of piezoelectric structures.
• D -E hysteresis loop measurements at the wafer level extend the knowledge of the piezo parameters at an early stage of production.
• The effective coupling coefficients of the piezoelectric thin film structures differ from those of bulk piezo due to mechanical coupling of piezo layer to the substrate.
• The piezoelectric coupling coefficient can be evaluated at the level of the released structures.
The investigations need to use calibrated force and precise measurement of electric charge or AC voltage stimulation and precise measurement of mechanical displacement.
• Application of circular membranes with piezo capacitor enables the use of relatively small test structures, as well as relatively cheap test setup for mechanic stimulation. Oscillating air pressure can be source of this stimulation.
• Accurate measurement of small displacements can be realized by using the Laser Doppler Vibrometer.
• Electromechanical parameter estimation can be made basing on a simplified analytical model or by a complex combination of the numerical model and optimization.
• Application of the Laser Doppler Vibrometer extends the scope of possible mechanical performance test of MEMS structures.
